Three series of intermetallic compounds Eu(T1,T2)5In (T = Cu, Ag, Au) have been investigated in full compositional ranges. Single crystals of all compounds have been obtained by self-flux and were analyzed by single X-ray diffraction revealing the representatives to fall into two structure types: CeCu6 (oP28, Pnma, a = 8.832(3)-9.121(2) Å, b = 5.306(2)-5.645(1) Å, c = 11.059(4)-11.437(3) Å, V = 518.3(3)-588.9(2) Å3) and YbMo2Al4 (tI14, I4/mmm, a = 5.417(3)-5.508(1) Å, c = 7.139(2)-7.199(2) Å, V = 276.1(2)-285.8(1) Å3). The structural preference was found to depend on the cation/anion size ratio, while the positional preference within the CeCu6 type structure shows an apparent correlation with the anion size. Chemical compression, hence, a change in cell volume, which occurs upon anion substitution appears to be the main driving force for the change of magnetic ordering. While EuAg5In shows antiferromagnetic behavior at low temperatures, mixing Cu and Au within the same type of structure results in considerable changes in the magnetism. The Eu(Cu,Au)5In alloys with CeCu6 structure show complex magnetic behaviors and strong magnetic field-induced spin-reorientation transition with the critical field of the transition being dependent on Cu/Au ratio. The alloys adopting the YbMo2Al4 type structure are ferromagnets exhibiting unusually high magnetic moments. The heat capacity of EuAu2.66Cu2.34In reveals a double-peak structure evolving with the magnetic field. However, low-temperature X-ray powder diffraction does not show a structural transition. EuAu2.66Cu2.34In reveals a double-peak structure evolving with the magnetic field. However, lowtemperature X-ray powder diffraction does not show a structural transition.
Introduction
Identification of the compositional and structural preferences in polar intermetallics opens a road range of possibilities for the controlled modification of their physical properties. From this point of view compounds of gold and post transition elements with rare earth elements are very promising as they combine strong electronic correlations with relativistic effects allowing for finetuning of the crystal and electronic structure through doping by a third element. These ternary systems demonstrate rich crystallography, exceptional physical properties, and unique bonding characteristics; 1 however, many of them are still poorly investigated and understood.
Compared to other active metals, systems with rare earth elements are the least investigated with respect to their physical properties, albeit being probably the most interesting. Within this compound family, representatives with europium are particularly interesting because of the element's ability to adopt both +II and +III oxidation states as well as intermediate between +II and +III and, consequently, form compounds analogous to either rare earth or alkaline earth metals. [2] [3] [4] As a result, Eu intermetallics present both the diverse structural chemistry and fascinating magnetic properties. Interestingly both, chemical and physical pressure, have a considerable influence on the oxidation state of Eu and, hence, on the magnetic properties of Eucontaining compounds. 5, 6 In this context, the far-from-trivial question is how a partial substitution of a few similar non-magnetic elements will affect both the crystal structures and the magnetic ordering of europium within a given structure type, especially, if the oxidation state of Eu remains unaffected. For rare earth systems such as Gd5(SixGe1-x) it is known that the variation of the non-magnetic elements ratio has a tremendous effect on the physical behavior where x is an effective control parameter for tuning extreme magnetoresponsive behavior (including the giant magnetocaloric effect) between 20 and 290 K. 7, 8 It is, therefore, quite probable that similar effects will be discovered in other rare-earths systems including those with Eu.
Though the number of known representatives of the CeCu6 structure type is limited 9 a preliminary analysis indicates that the clear majority of the reported compounds contain copper as the main component, including all binary compounds, while rather unique and exclusively ternary representatives exist with a few other transition metals -iron, 10 nickel 11 and gold. 12 It has also been shown that despite the rather small size of copper atoms a variety of substitutions is possible, including other transition as well as post-transition elements, opening a good possibility for controlled modification of the physical properties via chemical substitutions. For a long time only the representatives with tri-and tetravalent cations were known until the recent discovery of the CeCu6 structure in the Sr-Au-In system 12 revealing the great importance of the counter-ion size for the structure formation along with the electronic restrictions. Introduction of expectedly divalent europium into the system has been successful only with large corresponding isoelectronic partners -silver and gold.
In this study, we focus on a series of gold-and silver-rich solid solutions Eu(T1,T2)5In (T = Cu, Ag, Au), investigate the possibility of the elements' mutual substitutions in connection with the structural stability, and the effects of resulting chemical compression on the magnetic properties of europium alloys.
Results and discussion
A number of intermetallic solid solutions Eu(T1,T2)5In with various combinations of the group 11 elements have been obtained and structurally characterized. These quaternary compounds were found to crystallize in two different structure types, CeCu6 and YbMo2Al4, earlier reported for two ternary compounds -orthorhombic EuAg5In 13 and tetragonal EuAu5In, Index ranges Considerations on the structural stability, site preferences and bonding. Eu(AuxCu1-x)5In (x  0.5-0.9) alloys belong to the CeCu6 structure type, 14 where Eu occupies the position of Ce, and In holds one of the 4c positions of Cu. Though in general this structure type is not rare, 9 there is a limited number of Au representatives reported to date -SrAu4.3In1.7 12 and CeCu5+xAu1-x. [15] [16] [17] The chemistry of Ag in this structure type is also restricted to two representatives -EuAg5In 13 and the solid solution CeCu6-xAgx, (x < 1). 18 The solid solubility of It is worth noting that if no post transition element is present in the structure, then the corresponding 4c site (otherwise occupied by the post transition element) is the highly preferable one to be occupied by another group 11 element forming the solid solution. 15, 16 In addition to this special (post transition element) 4c position there is an evident site preference throughout the structure ( Surprisingly, the crystal structure of the extended solid solution Eu(AuxCu1-x)5In (I, x  0.5-0.9) belongs to the CeCu6-type like that of EuAg5In.
13
Since the latter was discussed in detail in a previous work, 13 we mainly focus here on the changes due to an involvement of the fourth element and try to find structural stability ranges for those substitutions. The structure of Eu(AuxCu1-x)5In (I, x  0.5-0.9) is best described in terms of polytetrahedral motifs of face- so an evolution of magnetic behaviors is expected during isostructural lattice contraction/expansion. Obviously, the change of crystal structure has even a larger impact on the physical properties both due to a change in symmetry and nearest neighbor environment. However, the M(T) data measured in higher constant magnetic fields, H≤40 kOe ( Figure 5 ), indicate that the ground state is anything Furthermore, in magnetic fields H ≤ 10 kOe (Figure 5a ) the lowtemperature FM transition shifts towards higher temperature with increasing field, yet the temperature of the onset of thermal hysteresis appears to be nearly constant at 12 K. This agrees very well with the heat capacity data (see below and Figure 12) where the lowtemperature transition shifts upward with field and the hightemperature (magnetic ordering) peak is field-independent up to 20 kOe. Thus, the magnetic ordering is presumably ferromagnetic but a significant AFM component is present below the ordering temperature and exists until a critical field (~40 kOe) of spin-flop is reached.
Somewhat surprisingly the narrow hysteresis is still observed in high fields even though the transition appears to be second-order. In order to get better understanding of this puzzling behavior, several isothermal magnetization curves [M(H)] were measured from 0 to 70 kOe, namely at 2, 5, and 10 K (Figure 6 ). Data at all temperatures were collected both on magnetization and demagnetization, but for 5 and 10 K the field up and down curves overlap, so both curves are shown for 2 K only. The M(H) curves show two-step increase of magnetization, which saturates slightly above 7 μB/f.u. at high magnetic fields. The 2 and 5 K data are similar -the rapid initial increase of magnetization up to ~2.7 μB/f.u. in low magnetic field is followed by another, larger, step at 36 kOe. These data confirm the At first, this finding may appear as counterintuitive, considering that the ternary EuAu5In is a typical ferromagnet, while EuCu5In has a significant AFM component. At the same time, it is important to remember that the quaternary Eu(AuxCu1-x)5In solid solution alloys have different crystal structure than their parent ternaries and that physical properties in this, or, in principle, any other system are dependent on the alloy structure. Thus, the decrease of ferromagnetic interactions within the CeCu6 type solid solution, manifested by the lower θp, is completely reasonable and almost certainly caused by the lattice expansion due to the increase of Au concentration at the expense of Cu. The isothermal magnetization of EuAu3.03Cu1.97In shows the same two-step field dependence as EuAu2.66Cu2.34In (Figure 8 ). However, two notable differences can be observed. First, the critical field of the second step is slightly lower (Hcr = 30 kOe), and a narrow hysteresis is observed practically at all measured temperatures, especially at 11 K. Second, the overall magnetization appears to be lower, both at the first plateau (~2 μB/f.u.), and at higher fields. There is no clear tendency to saturation and magnetization continues to increase almost linearly with field after the metamagnetic transition. In fact, the full saturation, 7 μB/f.u., is not reached even at 70 kOe field. This indicates the tendency of the magnetic structure to retain non-collinearity even after field-induced spin-reorientation transition. Apparently, in EuAu3.94Cu1.06In the difference between low-field and high-field structures further diminishes as the critical field decreases to 16 kOe, and the magnetization continues to increase after the transition ( Figure   10 ). However, somewhat surprisingly, for EuAu3.94Cu1.06In the magnetic moment at high-field is closer to the fully saturated value of 7 μB/f.u than for the EuAu3.03Cu1.97In. EuAu4.61Cu0.39In. Unlike the above discussed Eu(AuxCu1-x)5In compounds with the CeCu6 structure, EuAu4.61Cu0.39In is an alloy from the EuAu5-xCuxIn solid solution which crystallizes in the same YbMo2Al4 crystal structure similar to the ternary EuAu5In. As such its magnetic properties are similar to those of EuAu5In: it is a rather simple ferromagnetic material ordering at 14 K. Similarly to EuAu5In, the measured magnetic moments, both effective and saturation, are rather high: peff = 8.6 μB/f.u. and μs = 7.8 μB/f.u ( Figure 11 ). The shape of the M(H) curve is somewhat unusual as the magnetization at 2 K saturates slowly and is not reaching the saturation until H>50 kOe.
Heat Capacity and Temperature-Dependent XRD of EuAu2.66Cu2.34In. The heat capacity of EuAu2.66Cu2.34In was measured using Quantum Design PPMS from 2 to 50 K in 0, 5, 10, 20, and 50 kOe applied magnetic fields ( Figure 12 , the range from 40 to 50 K is omitted for clarity). The zero-and low-field data show a clear -type transition at 12 K followed by a much broader anomaly at slightly lower temperature. These results are unexpected because the 100 Oe magnetization data show the ordering transition to be near 8 K, which in the heat capacity data corresponds to a broad hump just below the main transition. The temperature of the main heat capacity temperature-dependent PXRD performed in zero field partially supports this suggestion ( Figure 13 ). Even though the crystal structure of EuAu2.66Cu2.34In is the same CeCu6-type structure down to 6 K, there is a clear anomaly in unit-cell volume at 11 K (Figure 13 ), which coincides with the heat capacity peak ( Figure 12 USA; Mo-Kα radiation; λ = 0.71073 Å, Photon 100 CMOS detector).
Data have been collected in φ-and ω-scan modes with exposures of 1-5 s per frame at room temperature (~296 K). The crystals µm) were selected from the bulk samples and mounted on glass fibers.
The preliminary quality testing has been performed on a set of 48 frames. The raw frame data were collected using the Bruker APEX3
program, 28 while the frames were integrated with the Bruker SAINT software package 28 using a narrow-frame algorithm integration of the data and were corrected for absorption effects using the multi-scan method (SADABS). [33] [34] [35] [36] [37] Correlation and exchange were described by the generalized gradient approximation of Perdew, Burke and Ernzerhof (GGA−PBE). 38 The energy cutoff of the plane wave basis set was 500 eV, while the first Brillouin zones were sampled by starting meshes of 4 × 4 × 4 up to 7 × 7 × 7 k-points.
Full structural optimizations were assumed completed when the energy difference between two subsequent iterative steps was below The low-temperature crystal structure of the same composition was studied between 6 and 294 K using the in situ temperature-dependent X-ray powder diffraction setup. 
